The dehydrogenation of intrinsic hydrogenated amorphous silicon (a-Si:H) at temperatures above approximately 300 C degrades its ability to passivate silicon wafer surfaces. This limits the temperature of post-passivation processing steps during the fabrication of advanced silicon heterojunction or silicon-based tandem solar cells. We demonstrate that a hydrogen plasma can rehydrogenate intrinsic a-Si:H passivation layers that have been dehydrogenated by annealing. The hydrogen plasma treatment fully restores the effective carrier lifetime to several milliseconds in textured crystalline silicon wafers coated with 8-nm-thick intrinsic a-Si:H layers after annealing at temperatures of up to 450 C. Plasma-initiated rehydrogenation also translates to complete solar cells: A silicon heterojunction solar cell subjected to annealing at 450 C (following intrinsic a-Si:H deposition) had an open-circuit voltage of less than 600 mV, but an identical cell that received hydrogen plasma treatment reached a voltage of over 710 mV and an efficiency of over 19%. 2 The high V oc s are attributed to the surface passivation quality of the thin intrinsic hydrogenated amorphous silicon (a-Si:H) layers, which effectively decrease the defect density at the crystalline silicon (c-Si) surface. However, this passivation degrades when heating the wafer at elevated temperatures because hydrogen effuses from the a-Si:H layers. 3 While the ability to make good SHJ solar cells at low temperatures (below 250 C) is usually presented as an advantage, this restriction on the temperature of the processing steps following a-Si:H deposition is also a limitation. For example, it prevents the use of silicon nitride passivating and anti-reflection layers that are usually deposited at 350 C, as well as the use of hightemperature, low-resistivity silver pastes that are typically annealed at over 400 C. Also, it imposes restrictions on future tandem devices with a SHJ bottom cell, since many top cell candidates require high-temperature steps (e.g., above 400 C). [4] [5] [6] [7] Ideally, intrinsic a-Si:H layers would continue to provide excellent passivation after processing at temperatures of at least 400 C. One temperature-resistant alternative to a-Si:H is lowcarbon-content a-SiC x :H: up to 350
C temperature tolerance has been demonstrated with good cell performance. 8 However, the incorporation of carbon also increases the defect density at the interface, establishing a tradeoff between high-temperature stability (high carbon content) and excellent passivation (low carbon content). Another approach to obtain excellent and stable passivation is to replace the intrinsic aSi:H layer with a very thin silicon oxide layer, allowing charges to be collected by tunneling. 9 This approach has been particularly successful for electron-selective contacts but still underperforms compared to a-Si:H for hole-selective contacts, and it requires sub-nanometer precision for the oxide thickness. 9 Also, this temperature-resilient passivation approach actually requires a 800-900 C annealing step for the crystallization of the doped layer capping the silicon oxide layer. 9 As an alternative to replacing the a-Si:H layer, hydrogen can be reintroduced after high-temperature annealing. Nickel and Jackson showed that post-annealing hydrogenation of a-Si:H greatly increases the Si-H bond density without changing the layer's annealed defect density, its weak-bond density, or its metastability. 10 Indeed, the luminescence characteristics of a thermally dehydrogenated 0.3-lm-thick a-Si:H layer were restored by rehydrogenating it. 11 Recently, the passivation provided by as-deposited 7-nm-thick or 15-nm-thick intrinsic a-Si:H layers was demonstrated to improve upon performing a hydrogen plasma treatment, 12, 13 and the passivation of 35-105-nm-thick a-Si:H layers was shown to recover after a high-peak-temperature processing step by annealing in an atmosphere consisting of molecular and atomic hydrogen. 14 We investigate here the possibility of restoring the passivation provided by thin, device-relevant intrinsic a-Si:H layers after high-temperature annealing. We apply hydrogen plasma treatments to rehydrogenate 6-20-nm-thick a-Si:H layers after 20 min annealing at 300-600 C. We also integrate the dehydrogenation and rehydrogenation (i.e., annealing and hydrogen plasma treatment) processes into the fabrication of complete SHJ solar cells to demonstrate compatibility with devices.
Except where otherwise stated, 200-lm-thick, 1-5 X cm n-type monocrystalline Czochralski silicon wafers were used as substrates. Wafers were textured in an alkaline solution to form random pyramids, cleaned in piranha and RCA-B solutions, and then dipped in buffered oxide etch (BOE) prior to a-Si:H deposition. Identical intrinsic a-Si:H layers were deposited 15 on both sides of the wafers, the wafers were then annealed to dehydrogenate the a-Si:H layers, and hydrogen plasma treatments were finally performed on both sides of the wafers to rehydrogenate the symmetric a-Si:H layers. Both the intrinsic a-Si:H depositions (60 W, 3.2 Torr, 40 sccm silane, and 200 sccm hydrogen) and the hydrogen plasma treatments (60 W, 3.5 Torr, 500 sccm hydrogen) were conducted at 250 C in a plasma-enhanced chemical vapor deposition (PECVD) tool, and the annealing was done at 300-600 C for 20 min in a box furnace with ambient air. For complete SHJ cells, p-and n-type a-Si:H films were deposited over the intrinsic layers, 15 indium tin oxide (ITO) layers were sputtered on both sides, a silver electrode was sputtered on the rear, a silver grid was screen printed on the front, and the samples were finally annealed at 240 C to cure the silver paste. Several 4 cm 2 cells were made on each wafer using a shadow mask during sputtering and a dedicated screen during printing.
Effective minority carrier lifetimes were measured with a Sinton photoconductance-decay lifetime tester. The thickness and bandgap of the intrinsic a-Si:H films were determined with a Tauc-Lorentz model fit to spectroscopic ellipsometry data taken on polished wafers that were used as witnesses in select experiments. To achieve the same a-Si:H layer thickness on textured wafers as that measured on polished wafers, the deposition time was increased by a factor of 1.6, which is an intermediate value between the scaling factor of 1.5 that we previously measured 15 and the factor of 1.7 that is found in the literature. 16 The thicknesses reported are thus those on textured wafers, as calculated from the measurements on polished wafers. A continuous-illumination Newport sun simulator was used to acquire current-voltage (I-V) characteristics under AM 1.5G (100 mW/cm 2 ) illumination. The implied V oc was extracted using a Sinton lifetime tester before ITO sputtering and silver metallization. The pseudo fill factor was extracted from a Sinton Suns-Voc tester. Note that, in some experiments, wafers were removed from the PECVD tool for lifetime measurements and annealing, and then reintroduced into the PECVD tool for additional hydrogen plasma treatment. In this case, the wafers were dipped in BOE again before loading into the PECVD tool to remove any native oxide. Figure 1 shows the bandgap and thickness of intrinsic a-Si:H layers on polished wafers after each of the processing steps investigated in this paper. The initial bandgap of 1.69 eV-which is typical for device-quality a-Si:Hdecreases by 0.08 eV after annealing at 400 C, which is consistent with a reduction in the hydrogen fraction in the film from 15.0 6 2.5% to 8.5 6 2.5%. 17 After subsequent application of a hydrogen plasma for 2 min, the bandgap widens to 1.89 eV, corresponding to a hydrogen fraction of 33 6 3%. 17 This dehydrogenation and rehydrogenation was also confirmed in a separate Fourier transform infrared spectroscopy experiment (not shown here), but these measurements required double-side polished c-Si wafers with 40-nm-thick a-Si:H layers to obtain sufficient signal. Whereas hydrogen effuses from the film upon annealing at 400 C as weak Si-H bonds break, atomic hydrogen diffuses into the film upon treatment with a plasma that dissociates the molecular hydrogen precursor gas. 18 However, hydrogen plasma treatment also etches the film, 12, 19 with a 2 nm/min rate in this case ( Figure 1 ). As intrinsic a-Si:H layers that are thinner than approximately 5 nm poorly passivate c-Si surfaces, [20] [21] [22] [23] prolonged hydrogen plasma treatment on a-Si:H layers should be avoided during SHJ cell processing. Figure 2 investigates the minority-carrier effective lifetime in textured wafers passivated with symmetric intrinsic a-Si:H layers as they undergo the dehydrogenation and rehydrogenation observed in Figure 1 . For all a-Si:H film thicknesses, the lifetime degrades upon annealing at 400 C, and it can be partially or fully restored upon hydrogen plasma exposure for 1 min or less. Excellent surface passivationresulting in lifetimes of up to 6 ms-can be achieved by rehydrogenating the 20-nm-thick a-Si:H layers, even after (partial) dehydrogenated at 400 C; for more device-relevant a-Si:H thicknesses (6-10 nm), the lifetime recovery upon rehydrogenation is still noteworthy. This lifetime enhancement is attributed to the diffusion of atomic hydrogen to the a-Si:H/c-Si interface and the associated reduction of dangling bond density. 13 For the same processing condition, thinner a-Si:H layers result in lower lifetimes, likely because there is less hydrogen in a thin a-Si:H layer that can transfer from a higher hydride state within the film to a monohydride surface state at the a-Si:H/c-Si interface. 24 Prolonged hydrogen plasma treatment also reduces lifetime, especially for thin a-Si:H layers. Consistent with many other reports, [20] [21] [22] [23] we find that at least 5 nm of a-Si:H is necessary for millisecond lifetimes; otherwise, the a-Si:H layers after hydrogen etching are too thin to prevent tunneling to the defective surface 25 and the underlying c-Si substrate can be damaged by the hydrogen plasma. 3, 19 For device applications, a 30-s hydrogen plasma treatment on an 8-nm-thick a-Si:H layer appears to be a good recipe because the implied V oc and implied voltage at maximum power point (V mpp ) are enhanced by 35 mV and 50 mV, respectively, compared to the annealed state. Samples with thicker a-Si:H layers have higher lifetime upon slightly longer hydrogen plasma treatment, but they incur more optical and resistive losses that result in lower device efficiency. 20 To find the maximum tolerable post-passivation temperature that still allows for successful lifetime recovery upon rehydrogenation, we annealed textured wafers symmetrically passivated with 8-nm-thick intrinsic a-Si:H layers at 400-500 C and subsequently performed hydrogen plasma treatments ( Figure 3 ). The annealing temperature strongly affects the rate at which hydrogen evolves from a-Si:H deposited by PECVD: for example, the evolution rate at 510 C was shown to be ten times higher than that at 300 C. 26 Hydrogen evolution has been reported to begin occurring at temperatures between 250 C 26 and 350 C, 18 but we observed prominent lifetime degradation only at 400 C and above, consistent with previous results on 20-nm-thick a-Si:H layers. 8 As shown in Figure 3 , 450 C is the maximum temperature after which >1 ms lifetime can be recovered via hydrogen plasma treatment. At this temperature, the effect of rehydrogenation is dramatic: the post-annealing lifetime is only 64 ls, and thus the implied V oc jumps from 614 mV to 722 mV with a 30-s hydrogen plasma treatment. However, the post-annealing lifetime enhancement becomes less prominent at an annealing temperature of 500 C. We suspect this is mainly due to the adverse hydrogen etching during hydrogen plasma treatment: too much dehydrogenation makes the optimum rehydrogenation time (i.e., the time to get back to >15% hydrogen content) longer than what it takes to etch away a few nanometers. Indeed, for annealing temperatures beyond 500 C (not shown), the hydrogen plasma treatment fails to provide any substantial lifetime recovery. As the annealing temperature exceeds 500 C, the aSi:H layer is also likely to be crystallized. For example, the ellipsometry data of a 15-nm-thick a-Si:H layer after annealing at 600
C cannot be fit with a standard Tauc-Lorentz model. We next tested the rehydrogenation of intrinsic a-Si:H layers exposed to a high-temperature step in complete SHJ solar cells to evaluate the compatibility of this process with real devices. All solar cells were identically fabricated, except each underwent one of four different steps directly following the deposition of the intrinsic a-Si:H layers: (i) no treatment; (ii) annealing at 450 C for 20 min; (iii) annealing at 450 C for 20 min and then 30 s of hydrogen plasma treatment; or (iv) 30 s of hydrogen plasma treatment. The V oc , fill factor (FF), short-circuit current density (J sc ), and efficiency of these cells are shown in Figure 4 . The FF and J sc are statistically similar for all four cell types, but the implied and actual V oc s are quite different. Note that our current baseline SHJ cell processing uses the fourth type, which gives better surface passivation than the first type (no hydrogen plasma treatment). 12, 13 The first three types of cells show that-as anticipated from the lifetime measurements in Figures 2 and 3 dehydrogenation greatly degrades the implied and actual V oc s, and rehydrogenation recovers them. Comparing the third and the fourth types reveals that rehydrogenation via hydrogen plasma treatment after dehydrogenation via annealing not only enables millisecond passivation but also does not negatively impact light absorption and carrier transport. The efficiency of the third type of SHJ cell exceeds 19% and is statistically equivalent to the fourth type (reference cell).
Hydrogen plasma treatment can thus be used to recover the surface passivation of greater-than-8-nm-thick intrinsic a-Si:H layers after annealing at temperatures of up to 450 C. This plasma-initiated rehydrogenation strategy provides a path to widening the processing window of SHJ cells, which would enable compatibility with high-temperature pastes, layers, and top cells. In addition, rehydrogenation via hydrogen plasma may be applicable to other passivation materials, such as a-SiN x: H 27 and a-SiO x: H, 28 and other substrates, such as GaN 29 and InP. 30 Rehydrogenation would be most beneficial, however, if the hydrogen plasma treatment step could be applied to complete cells-or at least after the deposition of the doped a-Si:H layers-since high temperatures that would cause dehydrogenation are often used towards the end of cell fabrication. This study is a first step towards this goal, and motivates further investigation to unravel the interaction of hydrogen with intrinsic/doped a-Si:H layers stacks and transparent conductive oxide layers. 
